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ABSTRACT

The COVID-19 outbreak circulating the world is far from being controlled, and possible contamination routes are still
being studied. There are no confirmed cases yet, but little is known about the infection possibility via contact with
sewage or contaminated water as well as with aerosols generated during the pumping and treatment of these aque-
ous matrices. Therefore, this article presents a literature review on the detection of SARS-CoV-2 in human excreta
and its pathways through the sewer system and wastewater treatment plants until it reaches the water bodies,
highlighting their occurrence and infectivity in sewage and natural water. Research lines are still indicated, which
we believe are important for improving the detection, quantification, and mainly the infectivity analyzes of SARS-
CoV-2 and other enveloped viruses in sewage and natural water. In fact, up till now, no case of transmission via con-
tact with sewage or contaminated water has been reported and the few studies conducted with these aqueous ma-
trices have not detected infectious viruses. On the other hand, studies are showing that SARS-CoV-2 can remain
viable, i.e., infectious, for up to 4.3 and 6 days in sewage and water, respectively, and that other species of coronavirus
may remain viable in these aqueous matrices for more than one year, depending on the sample conditions. These are
strong pieces of evidence that the contamination mediated by contact with sewage or contaminated water cannot
be ruled out, even because other more resistant and infectious mutations of SARS-CoV-2 may appear.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

At the time this paper was finished, on 1 February 2021, coronavirus
disease 2019 (COVID-19) is already considered a pandemic, being present
in 215 countries and territories across the globe, resulting in astronomical
levels of infected (102 million) and dead (2.2 million) people (WHO,
2021), with the numbers continuing to rise. Nevertheless, given the
large number of infected people who do not have the symptoms of the
disease, these numbers are underestimated. Thus, based on hospitaliza-
tion data and ribonucleic acid (RNA) from Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) detected in municipal sewage
sludge, Kaplan et al. (2020) developed a mathematical model predicting
that 9.3% of the population in the New Haven metropolitan area, Connect-
icut, USA, had already been infected on May 2020. Were this estimate to
roughly correspond to the global average level of infection, more than
700 million people would already be infected around the world.

COVID-19 is characterized as a severe respiratory syndrome occur-
ring in humans and is caused by the SARS-CoV-2 (Bojkova et al., 2020;
Chen et al., 2020b; Yan et al., 2020), in which respiratory transmission
is the primary route for infection (Wu et al., 2020b), being spread by
person-to-person direct or indirect contact (Heymann and Shindo,
2020; Kitajima et al., 2020; Mohseni et al., 2020). However, other con-
tamination routes are still under discussion. At this time, a possible
route of infection under avid discussion is the one mediated by sewage
and natural water contaminated with feces and other excreta from peo-
ple infected with SARS-CoV-2 (Amirian, 2020; Daraei et al., 2020;
O'Reilly et al., 2020). In fact, although the virus has already been found
in sewage as well as in rivers around the world (Ahmed et al., 2020a;
Haramoto et al., 2020; La Rosa et al., 2020b; Randazzo et al., 2020Db;
Rimoldi et al,, 2020), there is a remaining question: could people, com-
ing into contact with these contaminated aqueous matrices, be infected
by SARS-CoV-2?

The literature reported the presence of coronaviruses in feces and
their ability to infect human cells (Xiao et al., 2020; Zhang et al,,
2020c). Therefore, there is a growing concern about a possible fecal-
oral or fecal-nasal contamination (Bivins et al., 2020; Dona et al.,
2020). Although this pandemic is highly impactful, there is still little
knowledge about COVID-19 in some aspects, so that, to our knowledge,
up to now, there is only two reports published on the infectivity of this
virus present in sewage and (or) natural water (Rimoldi et al., 2020;
Westhaus et al., 2021). Despite little concrete information on this
issue, many researchers warn about the possibility of infection through
contact with sewage or contaminated water (Adelodun et al., 2020;
Amoah et al., 2020; Arslan et al., 2020; Carraturo et al., 2020; da Silva
et al,, 2020; Nghiem et al., 2020; Olusola-Makinde and Reuben, 2020;
Thompson et al.,, 2020) or with the aerosols generated in the pumping
and treatment systems (Gormley et al., 2020; Gude and Muire, 2021;
Harries et al., 2020; Naddeo and Liu, 2020), in toilets flushing (Ding
et al,, 2021; Wathore et al., 2020), and also in faulty connections of
floor drains with the building's main sewer pipe (Shi et al., 2020). More-
over, grounded on evidence from China, Liu (2020) conducted a

study on the transmission of the COVID-19 from the urban perspec-
tive, and based on statistical findings, pointed out that sewage
contributes to the spreading of the disease. Later, researchers rein-
forced the potential for secondary transmission via sewage, espe-
cially in low-incoming countries that have unsatisfactory heath and
sanitation infrastructure, monitoring and policies (Liu et al., 2020a;
Yuan et al., 2020).

Considering the work of Rimoldi et al. (2020), who investigated the
presence and infectivity of SARS-CoV-2 in samples of raw and treated
wastewater from three wastewater treatment plants (WWTPs) within
the Milan Metropolitan Area, Italy, as well as in their receptor water
bodies, SARS-CoV-2 RNA was detected in raw, but not in treated waste-
water, while samples from receiving rivers showed, in some cases,
SARS-CoV-2 RNA positivity. On the other hand, virus infectivity was al-
ways null for all samples, indicating limited risks for public health. Con-
sidering the preliminary nature of the presented results, the authors
also advocated a precautionary approach to risk assessment related to
infectivity.

In fact, we agree with the warnings and the precautionary point of
view adopted by the authors. Therefore, in the present paper, we will
highlight some issues we think are key points when the infectivity of
SARS-CoV-2 is evaluated in complexes matrices such as sewage. It is im-
portant to highlight that, to date, these matters have not yet been clar-
ified in other studies. Thus, considering the problems associated with
the spread and contamination with SARS-CoV-2, a deeper discussion
on the infectivity of coronavirus from sewage is necessary and of para-
mount importance; mainly because a study (Chen et al., 2020c) indi-
cated that the SARS-CoV-2 has become more infectious and that even
more infectious strains may appear.

2. Methodology

The review was prepared grounded on a literature search for docu-
ments published, until 10 November 2020, in the following databases:
Pub Med, Scopus, and ScienceDirect. The keywords employed for the
search were COVID-19 or COVID or SARS-CoV-2 or Coronavirus or Se-
vere Acute Respiratory Syndrome and Water or Wastewater or Sewage
or Urine or Feces or Virus Survival, being the results presented in
Table S1. In this first stage of the research, the title of the articles was
evaluated, and those that could contain information about the detection
and quantification of SARS-CoV-2 in water, wastewater, sewage, feces,
or urine samples were selected, as well as those containing information
related to the survival and infectivity of SARS-CoV-2 from these matri-
ces. 449 articles were selected, in which the abstract was screened to
verify whether they really contained the information described above,
which were considered relevant for the project. At this stage, 253 arti-
cles were excluded because they did not contain the required informa-
tion or were review articles, resulting in 196 eligible articles that were
full text screened and used as references for this review. Another 17 ar-
ticles were added due to a screening in the references of the selected ar-
ticles or at the reviewers' suggestion.
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3. SARS-CoV-2 characterization: morphology, structure and infection

Coronaviruses are commonly found in nature and may infect a broad
range of animals and humans, causing illnesses in the respiratory, gas-
trointestinal, and neurological systems (Ding and Liang, 2020). They be-
long to the Coronaviridae family, are non-segmented and positive-sense
single-stranded RNA viruses with a large genome of approximately 30
thousand nucleotides within a fragile lipid envelope (Krafcikova et al.,
2020; Toyoshima et al., 2020), which, in turn, due to its delicate nature,
become the virions non-viable once the envelope is damaged, although
their genetic fragments can still be detected (Maal-Bared et al., 2020;
Nghiem et al., 2020; Polo et al., 2020). Therefore, the ability of these
enveloped viruses to infect is associated with the preservation of their
capsid (envelope), that is, without it, they are non-infectious
(Atkinson and Petersen, 2020). Nonetheless, reports have proposed
that the SARS-CoV-2 RNA might be infectious and that the transmission
of these RNAs could be a possible transmission pathway of the COVID-
19 (Xu, 2020).

According to Lesimple et al. (2020), the SARS-CoV-2 virion is a small
spherical particle with a diameter of 100 nm, but there are studies
reporting diameters of 120 nm (La Rosa et al,, 2020a), 140 nm
(Foladori et al., 2020), and up to 200 nm (Chen et al., 2020d).
SARS-CoV-2 has four structural proteins, namely spike surface (S) and
membrane (M) glycoproteins, envelope (E), and nucleocapsid (N).
The S glycoproteins, having about 9 to 12 nm long, on its surface, give
the virus the appearance of a solar corona when observed by electron
microscopy (Bahrami and Ferns, 2020; Zhu et al., 2020). The viral struc-
ture of a coronavirus particle is represented on Fig. 1.

The S glycoproteins are composed of two subunits, S1 and S2, which
are responsible for binding to human host cells that contain
angiotensin-converting enzyme 2 (ACE2) receptors, and subsequently
assist in viral entry (Chen et al., 2020a; Du et al., 2009; Feng et al.,
2020a; Xu et al., 2020a). The S1 subunit has a receptor-binding domain
that recognizes and binds to the host receptor's ACE2, and subsequent
conformational changes in S2 subunit facilitate fusion between the
viral membrane and the one of the host cell, releasing thus the viral
RNA into the host cell (Huang et al., 2020b). After that, polyproteins
are translated from the viral RNA, and replication and transcription of
the viral RNA occur via protein cleavage and assembly of the
replicase-transcriptase complex. Thus, viral RNA is replicated, and
structural proteins are synthesized, assembled, and bundled in the
host cell depleting its resources; afterward, virions are released by exo-
cytosis (Huang et al., 2020b; Ortiz-Prado et al., 2020), a process also
known as viral shedding (Nghiem et al., 2020). ACE2s are membrane
glycoproteins, highly expressed in organs like lungs, arteries, kidney,
heart, but in the human body their highest expression is observed
in intestinal enterocytes, being these organs the most affected by
SARS-CoV-2 infections (Bhowmick et al., 2019; Kumar et al., 2020b;
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Premkumar et al., 2020). More details on SARS-CoV-2 infection, replica-
tion cycle and assembly of virions can be found at Gralinski and
Menachery (2020), Huang et al. (2020b), Ortiz-Prado et al. (2020),
and Sternberg and Naujokat (2020). The mechanism of infection of
the SARS-CoV-2 into human cells is represented on Fig. 2.

The SARS-CoV-2 has been detected in blood, respiratory secretions,
sputum, tears, gastric juices, breast milk, semen, vaginal secretion,
urine, and feces from symptomatic patients (GroR et al., 2020; Huang
et al.,, 2020a; Li et al., 2020a; Lo et al., 2020; Peng et al., 2020; Wang
et al., 2020b; Xia et al., 2020; Yu et al., 2020), and also in feces and
other excreta from asymptomatic ones (Han et al., 2020b; Tang et al.,
2020a). Furthermore, studies have reported prolonged viral shedding
in feces, in which patients tested persistently positive on rectal swabs
or feces, even after the nasopharyngeal test was negative (Du et al.,
2020; Ling et al., 2020; Liu et al., 2020c; Xing et al., 2020; Xu et al.,
2020Db). Surprisingly, there are also studies reporting that the RNA test
results of discharged patients returned positive during their follow-up
visits (Li et al., 2020b; Tong et al., 2020). Therefore, COVID-19 is believed
to be disseminated through direct contact, indirect contact via fomites
(Malenovska, 2020; Pastorino et al., 2020), respiratory droplets (gener-
ated by sneezing, coughing, breathing, etc.), and possibly by aerosols (La
Rosa et al,, 2020a; Netz and Eaton, 2020; Smith et al., 2020; Tang et al.,
2020Db; Xiao et al., 2020). Recently the aerosol transmission route was
confirmed by the National Health Commission of the People's Republic
of China (Wang and Du, 2020), by the Center for Disease Control and
Prevention (CDC) (Feng et al., 2020b), and by Lednicky et al. (2020).
In addition, Fears et al. (2020) demonstrated that SARS-CoV-2 virions
remained infectious for up to 16 h in respirable-sized aerosols, thus in-
ferring that aerosols may be an important transmission route. Further-
more, it has also been reported that SARS-CoV-2 can remain infectious
in the environment on a variety of surfaces for several hours or even
days, such as 4 h on copper surfaces, 24 h on cardboard, two to three
days on stainless steel, and three days on plastics (Nghiem et al.,
2020). Yet, there are studies reporting that SARS-CoV-2 could possibly
be transmitted via breastfeeding (Grof et al., 2020), vertical transmis-
sion during vaginal delivery (Carosso et al., 2020a, 2020b), sexual trans-
mission (Li et al., 2020a; Patri et al., 2020), domestic cat transmission
(Ali et al., 2020), and by contacting wastes generated from individuals
affected by COVID-19 (Di Maria et al., 2020). Franklin and Bevins
(2020) also discuss the possible spreading to new wild hosts such as
bats, mustelids, and raccoons through the elimination of feces by in-
fected humans and the introduction into the natural aquatic environ-
ment through the sewage treatment system.

Chen et al. (2020e) investigated SARS-CoV-2 shedding in the excreta
of 42 COVID-19 patients, from which 18 (42.86%) patients remained
positive for SARS-CoV-2 RNA in the feces after the pharyngeal swabs
turned negative, being 6-10 days the duration of viral shedding from
the feces after negative conversion in pharyngeal swabs, regardless of

ssRNA genome

Fig. 1. Viral structure of a coronavirus particle.
Created with BioRender.com.

3


http://BioRender.com

A. Giacobbo, M.A.S. Rodrigues, ]. Zoppas Ferreira et al.
SARS-CoV-2

cleavage
S proteiii \ "Y’h’

gf‘ J“" E: A
. .
< P 3 {L' \}*

SARS-CoV-2

3

("'o 4“ “’i\f \

“»
S2 S2' site .,\
- S1/S2 site-~ g -w_
S1 1 —

ACE2 TMPRSS2
protease

Science of the Total Environment 774 (2021) 145721

Activation of

S2 domain Fusion of viral
and host cell
,S - J‘" membranes
¥ A A,
2
> i‘ .\'F' "
v 5 o e
2 .
P 02 Pl

Activated S2

Host cell

Fig. 2. Mechanism of infection of the SARS-CoV-2 in human cells. The SARS-CoV-2 S protein binds with the ACE2 receptor on the host cell and is subsequently cleaved at the S1/S2 and S2’
sites by the TMPRSS2 protease. This activates the S2 subunit and leads to a fusion between the viral membrane and that of the host cell.

Adapted from Hartenian et al. (2020). Created with BioRender.com.

the disease severity. Later, other authors also reported similar fecal de-
tection rates between patients with mild and severe COVID-19 disease
(Zheng et al., 2020).

Wu et al. (2020b) reported that in 55% of the 74 infected patients
studied, fecal samples remained positive for SARS-CoV-2 RNA for an av-
erage of 11.2 days after the respiratory tract samples became negative,
indicating that the virus is replicating actively in the patients' gastroin-
testinal tract. The authors also highlight the possibility of prolonged du-
ration of viral shedding in feces, for until five weeks after patients’
respiratory samples have been negative for SARS-CoV-2 RNA, which
suggests that after viral clearance in the respiratory system, fecal-oral
transmission may possibly occur. Other researchers have also endorsed
this approach (Hindson, 2020; Patel, 2020; Tang et al., 2020a; Xing et al.,
2020; Xu et al.,, 2020b). In another study, Wang et al. (2020c) observed
that the median duration of positive SARS-CoV-2 RNA in fecal samples
was approximately nine days longer than in oropharyngeal swabs,
and one patient persistently tested positive in fecal samples for
33 days after the oropharyngeal swabs tests became negative. Also,
Mesoraca et al. (2020) observed patients having fecal samples positive
test 25 days longer than their respiratory tract test. Recently, in a
study on clinical samples from 20 patients infected with SARS-CoV-2,
He et al. (2020) reported that one patient remained positive for viral
RNA in the sputum and feces for about 75 and 80 days, respectively,
after testing negative on nasal swab. More importantly, Lai et al.
(2005) demonstrated that Severe Acute Respiratory Syndrome Corona-
virus (SARS-CoV) can survive four days in diarrheal stool samples with
alkaline pH, and more than seven days in respiratory samples at room
temperature. Therefore, deeper studies are necessary to confirm or
eliminate the hypothesis of fecal-oral transmission of SARS-CoV-2, es-
pecially for low-income countries that have low levels of sanitation,
which makes sewage and surface water a possible source of spreading
COVID-19 (Yeo et al., 2020).

4. SARS-CoV-2 in sewage and natural water

Coronaviruses can be introduced into sewage by various sources,
such as hand washing, sputum, vomiting (Adelodun et al., 2020;
Bhowmick et al., 2019; Han et al., 2020), and mainly via viral shedding
in feces of infected individuals (Wang et al., 2020b; Wei et al., 2020).
In addition, urine samples from infected people were reported to con-
tain SARS-CoV in 2003 (Lau et al., 2005; Xu et al,, 2005), Middle East Re-
spiratory Syndrome Coronavirus (MERS-CoV) in 2012 (Drosten et al.,
2013), and SARS-CoV-2 in 2020 (Nomoto et al., 2020). More recently in-
fectious viral particles were also isolated from feces (Xiao et al., 2020),
sputum, oro- and nasopharyngeal swabs (Kujawski et al., 2020; Wolfel

et al., 2020), and urine of COVID-19 patients (Sun et al., 2020). Thus,
the viruses may enter the water systems through numerous pathways,
mostly from sewage discharged from hospitals and isolation and quar-
antine centers (Adelodun et al., 2020; Nabi et al., 2020), but also from
houses and other buildings inhabited or frequented by infected people,
whether symptomatic or not (Gandhi et al., 2020; Zhang et al., 2020a).

In fact, a wide viral load variation in clinical samples from people in-
fected with SARS-CoV-2 has been reported in the literature. For in-
stance, around 10°-108 copies/L in samples of urine (Frithiof et al.,
2020; Han et al., 2020a; Jeong et al., 2020), 105-10"! copies/L in feces
(Feng et al., 2021; Kim et al., 2020; Lescure et al., 2020; Xiao et al.,
2020), and 10*-10'* copies/L in saliva and sputum (Jeong et al., 2020;
Pan et al., 2020; Yoon et al., 2020) were reported, which means that a
single individual may shed billions of SARS-CoV-2 genomic copies in
wastewater at once (Trottier et al., 2020).

Nevertheless, a reduction in viral load is expected when feces and
other human excreta reach the sewer system, not only due to the dilu-
tion effect, but also related to the inactivation of the viruses by environ-
mental conditions (temperature, pH, solids content), as well as by the
presence of antagonists germs (Escherichia coli, Enterococcus spp.,
Bacillus spp., Clostridium spp., etc.), and chemicals (detergents, disinfec-
tants) in the sewage (Carraturo et al., 2020; Foladori et al., 2020; La Rosa
et al., 2020a; Larsen and Wigginton, 2020; Race et al., 2020). Inciden-
tally, due to the recommendations for maintaining good hygiene and
minimizing the number of infections, chemicals are being used in quan-
tities far above normal. This increase achieved such a point that there
are already studies (Espejo et al., 2020; Horn et al., 2020; Usman et al.,
2020; Zambrano-Monserrate et al., 2020; Zhang et al., 2020b) reporting
the possible impacts of these chemicals on the environment.

Thanks to the hard work developed by researchers around the
world, nowadays there are already studies not only detecting but also
quantifying by reverse transcription-quantitative polymerase chain re-
action (RT-qPCR) the SARS-CoV-2 RNA in sewage from different coun-
tries, in which were found up to 10* copies/L in Montana (Nemudryi
et al., 2020), from 10* to 10° copies/L in Detroit (Brijen et al., 2020),
up to 10° copies/L in Massachusetts (Schmidt, 2020; Wu et al., 2020a),
and up to 107 copies/L in Virginia (Gonzalez et al., 2020) in the USA,
60-350 copies/L in Ahmedabad — India (Kumar et al., 2020a), up
to 3.4 x 10* copies/L in the United Arab Emirates (Hasan et al., 2020),
10° copies/L in Murcia — Spain (Randazzo et al., 2020b), and during
the epidemic peak, up to 107 copies/L were found in the sewage from
Paris — France (Wurtzer et al., 2020). Besides, Gallardo-Escarate et al.
(2020) found up to 10* copies/L in sewage samples from a penitentiary
and health care facilities in Chillan, a city in Southern Chile, while
Gongalves et al. (2020) found up to 107 copies/L in a hospital
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wastewater in Ljubljana, Slovenia. In fact, reported viral concentrations
vary by several orders of magnitude, which may possibly be related to
the level of infections and other specific sewage conditions (Pecson
et al., 2020), such as the area served and the resulting balance between
industrial, stormwater, domestic and healthcare facilities inputs.

Interestingly, there are also studies reporting the presence of SARS-
CoV-2 RNA in sewage samples prior to documentation of the COVID-
19 cases at the site. In that case, by re-analyzing stored samples of raw
sewage that were collected between October 2019 and February 2020
in five WWTPs in northern Italy, La Rosa et al. (2021) found viral loads
of 1.2 x 10% 4.1 x 103, and 2.9 x 10* copies/L in Turin, Milan and
Bologna, respectively, on 10-18 December 2019. Importantly, the first
autochthonous Italian case of COVID-19 was documented just on 21
February 2020. On 11 February 2020, Martin et al. (2020) detected
SARS-CoV-2 RNA in sewage samples collected at a WWTP in South
East England, i.e., three days before the first case was reported in that
area. Randazzo et al. (2020a) detected SARS-CoV-2 RNA in WWTPs
from the metropolitan Region of Valencia, Spain, in late February,
when confirmed COVID-19 cases in that region were only incipient. In
the same way, on 17 February 2020, Lodder and de Roda Husman
(2020) detected SARS-CoV-2 RNA in sewage at Schiphol airport in Til-
burg, the Netherlands, only four days after the first case of COVID-19
was confirmed in the country. Also in the Netherlands, on 5 March
2020, Medema et al. (2020) detected SARS-CoV-2 RNA in sewage from
Amersfoort six days prior the announcement of the first case in the
city. Samples of raw wastewater collected from April to June 2020, in
33 WWTPs of the Czech Republic, in regions with a higher prevalence
of COVID-19, confirmed the presence of SARS-CoV-2 RNA in >27.3% of
the WWTPs samples (Mlejnkova et al,, 2020). In summary, currently, re-
ports from different parts of the planet like Australia (Ahmed et al.,
2020a), Brazil (Prado et al., 2020), Canada (D'Aoust et al., 2021),
Germany (Westhaus et al., 2021), the United Arab Emirates (Albastaki
et al., 2020), Sweden (Saguti et al., 2021), and the United States
(Peccia et al., 2020; Sherchan et al., 2020) have shown the feasibility
of detecting viral RNA in sewage and WWTP sludge, and the possibility
of using these data for environmental surveillance, i.e., to monitor the
prevalence of infections among the population via wastewater-based
epidemiology (WBE).

Papers reported up till now indicate that coronaviruses remained ac-
tive in sewage for a few hours-days (Barcelo, 2020; Hart and Halden,
2020; Heller et al., 2020; Michael-Kordatou et al., 2020; Randazzo
et al.,, 2020a), but, depending on the environmental conditions, may
persist for up to 14 days, as reported by Wang et al., 2005 after cell cul-
ture testes. Thus, whereas the wastewater residence time in sewer sys-
tems is typically <24 h (Ye et al,, 2016), a substantial viral RNA load can
reach the WWTPs. In this sense, Foladori et al. (2020) reported a viral
RNA load in the sewage entering a WWTP with a range from 20 to 10-
5 copies/L, which depends on the level of the epidemic. Recently,
Zaneti et al. (2021) employed a quantitative microbial risk assessment
(QMRA) approach to investigate the potential health risks of SARS-
CoV-2 in sewage to WWTPs workers for three COVID-19 pandemic sce-
narios (moderate, aggressive, and extreme). The study estimated a viral
RNA load in the sewage entering the WWTPs ranging from 4.14 x 10% to
5.23 x 10° copies/L, resulting in estimated risks for the aggressive and
extreme scenarios (2.63 x 1072 and 1.3 x 1072, respectively) above
the derived tolerable infection risk for SARS-CoV-2 of 5.5 x 10~ per
person per year. Conversely, also using a QMRA framework to assess
the disease risks for WWTP workers, and assuming that 0.03%, 0.3%,
and 3% of the wastewater-generating population is infected with
SARS-CoV-2, Dada and Gyawali (2020) determined that the average dis-
ease risks for low-grade, moderate, and aggressive outbreak scenarios,
respectively, are 0.036, 0.32, and 3.21 cases of disease per 1000 exposed
WWTP workers.

WWTPs generally adopt conventional treatment processes, usually
at a secondary or tertiary level, which, depending on the process and
operational conditions, may be sufficient for the elimination of viruses.
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Typically, a 1.5 to 2 log;o reduction can be expected for viruses in
most activated sludge processes, which depends on the solids retention
time; while, in the disinfection process, inactivation of 2, 3, and 4 logo
can be achieved with dosages of 1-4, 8-16, and 20-40 mg- min/L of
free chlorine or UV irradiation of 30-40, 50-70, and 70-90 m]/cm?, re-
spectively (Asano et al,, 2007).

On 8 and 27 May 2020, Kumar et al. (2021) evaluated the SARS-CoV-
2 RNA load along the WWTP of Old Pirana, Ahmedabad, India, which
comprises primary, up-flow anaerobic sludge blanket (UASB), aeration
pond, and polishing pond treatments. The authors reported a viral
RNA load reduction higher than 1.3-log;o by the UASB treatment and
no detection of viral RNA after aeration pond nor after the polishing
pond. Balboa et al. (2020) investigated the presence of SARS-CoV-2
RNA in various points in the Ourense WWTP in Spain, detecting
(7.5-15) x 10 copies/L in raw sewage and observing the absence of
viral RNA after primary sedimentation and activated sludge treatment.
Also in Spain, but in the Region of Murcia, in a similar study, Randazzo
et al. (2020b) got positive results in 11% of samples after activated
sludge and 100% negative to SARS-CoV-2 RNA after tertiary treatment
(disinfection with sodium hypochlorite and (or) UV). On the other
hand, some studies found SARS-CoV-2 RNA in primary, secondary, and
even in tertiary wastewater samples. Zhang et al. (2020a) detected
strikingly high levels of up to 18.7 x 10> copies/L of SARS-CoV-2 RNA
in septic tanks after disinfection with 800 g/m> sodium hypochlorite
at Wuchang Cabin Hospital, in Wuhan — China. Haramoto et al.
(2020) detected SARS-CoV-2 RNA with a concentration close to 2.4 x
10° copies/L in 20% of secondary-treated wastewater samples collected
from a WWTP in Yamanashi, Japan. Saguti et al. (2021) detected up to
8 x 10° copies/L in raw sewage and 2-75 copies/L in treated sewage
from the Rya WWTP, which is discharged into the Gota River. The
WWTP, which receives sewage from Gothenburg and surrounding mu-
nicipalities — Sweden, achieved a mean SARS-CoV-2 RNA reduction of
4-logo. Baldovin et al. (2020) assessed the presence of viral RNA in
raw and treated sewage in the two larger WWTPs from Padua, Italy.
The authors detected SARS-CoV-2 RNA in 4/9 raw sewage samples
and in all two tertiary treated samples analyzed, being that both
WWTPs have activated sludge as secondary treatment, and peracetic
acid and UV lamps as tertiary treatment. Westhaus et al. (2021) evalu-
ated the efficiency in removing SARS-CoV-2 RNA from three WWTPs,
in the Federal State of North Rhine-Westphalia, Germany, and found
no significant difference between viral load in samples of raw, second-
ary (activated sludge) and tertiary sewage (ozonation and filtration).
Consequently, as in some cases the SARS-CoV-2 RNA has been detected
after disinfection steps, it is also expected to find the viral RNA in receiv-
ing water bodies.

When changing the aqueous matrix, from sewage to natural waters,
studies become even more scarce in terms of detection and (or) quanti-
fication of SARS-CoV-2, with only three investigations available so far.
Although Haramoto et al. (2020) have detected SARS-CoV-2 RNA in
secondary-treated wastewater, they did not detect in river water sam-
ples in Japan. On the other hand, Rimoldi et al. (2020) found viral
RNA, on 14 April 2020, in all investigated water bodies (Lambro River,
Vettabbia Canal, and Lambro Meridionale River) in the two provinces
of Milan and Monza and Brianza, Italy. In a more recent study,
Guerrero-Latorre et al. (2020) detected SARS-CoV-2 RNA in rivers
from urban streams from Quito, Ecuador, where sewage is discharged
directly into natural waters. On 5 June 2020, during the peak case of
COVID-19, the authors have found extraordinary high SARS-CoV-2
RNA loads, ranging from 2.07 x 10° to 3.19 x 10° copies/L.

Unfortunately, in low-incoming countries, many areas still lack ade-
quate sanitary infrastructure and wastewater treatment facilities, as
well as still practice open defecation, resulting in fecal contamination
of the environment and drinking water sources (Adelodun et al.,
2019; Bain et al., 2014; Odih et al., 2020; Street et al., 2020). Therefore,
the presence of SARS-CoV-2 in natural water may have different origins,
such as inefficiency of WWTP (Rimoldi et al., 2020); release of a fraction
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of raw sewage into surface water, due to the lack of separation of urban
runoff water from sewage, leading to combined sewage overflows
(Farkas et al., 2020b; Rimoldi et al., 2020); or discharge of raw sewage
directly into water bodies, which is a common practice in many parts
of the world (Al Huraimel et al., 2020), as in the case of Quito —
Ecuador (Guerrero-Latorre et al., 2020), Nicaragua (Vammen and
Guillen, 2020), Brazil (de Freitas et al., 2020; Gomes et al., 2020;
Stepping, 2016), and in the vast majority of low-income countries
(Bastaraud et al., 2020).

The presence of SARS-CoV-2 in sewage may also be an additional
concern in communities or regions served by combined sewer systems,
as urban flooding, a common threat in rainy periods, that may cause
sewage to overflow and, therefore, present new risks of spreading
SARS-CoV-2 in the affected areas (Han and He, 2021). Furthermore,
sewage-mediated contamination is also a concern in refugee camps
(Kassem and Jaafar, 2020; Rafa et al., 2020) and in rural areas from
low-incoming countries (Liu et al., 2020b; Lodder and de Roda
Husman, 2020; Meng et al., 2020; Miller et al., 2020), where there is a
need to share sanitary facilities, such as latrines, and due to the difficulty
of maintaining a good hygiene and to access safe water. Yet, due to the
disposal of sewage without proper treatment in nature, there are stud-
ies indicating recreational water as a potential transmission route for
SARS-CoV-2 to humans (Cahill and Morris, 2020; Montagna et al.,
2020), and also a potential transmission of SARS-CoV-2 to aquatic mam-
mals (Mathavarajah et al., 2020; Nabi and Khan, 2020). In fact, appropri-
ate attention should be given to the treatment of sewage, principally
when the recovery and (or) reuse of such water is desired
(D'Alessandro et al., 2020). The use of sewage either un-, partially or
treated, for irrigation — a common practice in developing countries - is
also a matter of concern (Siddiqui et al., 2020), since the virus could
still be present in the treated sewage if it has not been appropriately
treated. So, in view of the current situation regarding the COVID-19 pan-
demic, a deeper discussion on the infectivity of the SARS-CoV-2 from
sewage and contaminated water, as well as on possible fecal-oral and
fecal-nasal transmissions, is urgent and mandatory. Fig. 3 illustrates
the main routes for SARS-CoV-2 to reach the watercourses.

5. Infectivity of SARS-CoV-2 from sewage and natural water

As earlier introduced, the occurrence of SARS-CoV-2 RNA in sewage
and natural water is a reality covering the planet. The detection and
quantification of SARS-CoV-2 in environmental samples such as water
and wastewater is mostly performed by using PCR based methods
(Barcelo, 2020). Nevertheless, these methods are supported on nucleic
acid amplification and the presence of fragments of the viral genome
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can be sufficient for the detection and even quantification of SARS-
CoV-2 RNA (Corpuz et al., 2020; Xu, 2020). However, the key issue is
no longer about the detection or quantification of SARS-CoV-2 RNA,
but about the infectivity of these viruses when present in water matri-
ces like natural water and sewage. Therefore, the remaining question
is, are they infectious or not?

Studies using cell culture and spiking the viruses in water and (or)
sewage have been conducted under controlled laboratory conditions
with different coronaviruses (SARS-CoV, SARS-CoV-2, and surrogates),
in order to determine how long they can survive or remain infectious
in different aqueous matrices. According to Gundy et al. (2009), the
Feline Infectious Peritonitis Virus (FIPV) and the Human Coronavirus
229 (HCoV 229), assayed in Crandell Reese feline kidney cell line
(ATCC-94) and fetal human lung fibroblast — MRC-5 cell line (ATCC-
171), respectively, achieved times to 2-log;o reduction (99% reduction
(Tgo) of infectious viral particles) in tap water of 6.8 days at 23 °C and
>87 days at 4 °C, while in sewage the Tgg was 1.6-2.4 days at 23 °C.
The authors concluded that the coronaviruses inactivation was strongly
dependent on temperature, organic matter content, and the presence of
antagonistic bacteria. Casanova et al. (2009) observed a Tog in reagent-
grade water at 25 °C for two other coronaviruses, Mouse Hepatitis
Virus (MHV) and Transmissible Gastroenteritis Virus (TGEV), assayed
in delayed brain tumor and swine testicular culture cells, of 17 and
22 days, respectively, whereas in pasteurized settled sewage the values
were even smaller, 7 and 9 days. On the other hand, at 4 °C, the reduc-
tion in infectivity was <1-log, after four weeks, regardless of the aque-
ous matrix and for both studied coronaviruses. Wang et al. (2005) noted
that SARS-CoV, assayed in Vero E6 cells, may survive in the sewage for
2 days at 20 °C and up to 14 days at 4 °C. In addition, viral RNA may
be detected for >6 days after virus inactivation. Other authors also en-
dorsed that the viral RNA can persist longer than infectious viral parti-
cles in different aqueous matrices (Bivins et al., 2020; Wu et al,,
2020a). Ahmed et al. (2020b) observed 90% RNA reduction of MHV at
4-37 °C after 7.4-56.6 days in raw sewage, 5.6-43.1 days in autoclaved
sewage, and 10.9-43.9 days in tap water, while the times for 90% RNA
reduction of SARS-CoV-2 was 8.0-27.8 days in raw sewage,
5.7-43.2 days in autoclaved sewage, and 9.4-58.6 days in tap water.
More recently, by using SARS-CoV-2 nCoV-WA1-2020 (MN985325.1)
isolated from a clinical patient diagnosed with COVID-19 and assaying
on high-passage Vero E6 cells, Bivins et al. (2020) demonstrated that
the SARS-CoV-2 can survive longer in tap water than in sewage, show-
ing times for 1-log;o reduction (90% reduction (Tgyg) of infectious virus
particles) of 1.7 and 1.5 day, at room temperature, respectively. The au-
thors also observed that SARS-CoV-2 remained infectious for three days
in the low-titer (10% TCIDso/mL) tests and for the entire seven days
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duration of the high-titer (10° TCIDso/mL) tests. In another study, Lee
et al. (2020) demonstrated that the stability of SARS-CoV-2 varies ac-
cording to the water matrix, so that, starting with a concentration of
10* PFU/mL in Vero cells (ATCC® CCL-81™), SARS-CoV-2 was not infec-
tious in seawater and freshwater tests, but remained infectious for two
days in tap water. In Vero cells tests, the authors determined 10® PFU/
mL as the minimum infective dose of SARS-CoV-2. Finally, Yang et al.
(2020a) assessed the possibility of spreading COVID-19 through envi-
ronmental media, using a modified QMRA index model and data from
three typical rivers (Fu, Han, and Yangtze) and watershed cities in
China's Hubei province, concluding the risk index is gradually decreas-
ing from Wuhan city to the neighboring cities, with values in the
orderof 1078,1071° and 10~ ' in the Fu, Han, and Yangtze river basins,
respectively. The authors claimed for further investigation on the sub-
ject since the survival of the virus could be affected by many human
and environmental factors and the researches on the risk of transmis-
sion of SARS-CoV-2 in the aquatic environment are limited so far. In
Table 1 is summarized the information on the coronaviruses investi-
gated, displaying the time to reduce the viable virions, their survival
time, and RNA detection time on different aqueous matrices and
under different conditions.

In fact, most human viruses are very difficult to maintain in vitro and
their culture requires specialized equipment and trained personnel;
hence, infectivity analyzes are rarely carried out on sewage or natural
water samples (Farkas et al., 2020a; Maal-Bared et al., 2020). Unfortu-
nately, to our knowledge, there are only two studies addressing the infec-
tivity of SARS-CoV-2 from raw and treated sewage and (or) natural water
(Rimoldi et al., 2020; Westhaus et al., 2021) and one study assessing the
infectivity of SARS-CoV in sewage (Wang et al., 2005). As already men-
tioned, Rimoldi et al. (2020) assessed the presence and infectivity of
SARS-CoV-2 in raw, secondary, and tertiary sewage from three WWTPs
within the Milan Metropolitan Area, Italy, in addition to their receiving
water bodies. The results were negative for infectivity, although SARS-
CoV-2 RNA was detected in samples of raw sewage and of receiving
water bodies. In that occasion, the authors precautionary have claimed
for further studies to confirm the non-infectious character of sewage and
natural water samples testing positive for viral RNA. In another study,
Westhaus et al. (2021) investigated the presence of SARS-CoV-2 in raw
and treated sewage and the infectivity in raw sewage from nine municipal
WWTP in different cities of the Federal State of North Rhine-Westphalia,
Germany. 24 h flow-dependent composite samples were collected,
pretreated by centrifugation at 4700 xg for 30 min, concentrated about
100 times by centrifugal ultrafiltration for 15 min at 3500 xg using
Amicon® Ultra-15 filters, and then assayed. Although the authors detected
viral RNA in all samples, which ranged from 3 x 10 to 2 x 10* copies/L, the
results for infectivity were null when assessed by viral outgrowth test with
a potential SARS-CoV-2 host cell line in vitro. The authors indicate that
sewage does not appear to be an important route of transmission, but
they emphasize the importance of carrying out further studies, especially
regarding the methodological validation for enveloped viruses, given the
small sample volume used in these analyzes and the huge viral load re-
leased every day by the studied WWTPs into the receiving water bodies,
which ranges from 6 x 10'° to 6 x 10'2 SARS-CoV-2 RNA copies per day
per WWTP. Moreover, Feng et al. (2021) also stated that the presence of
viral RNA does not confirm the existence of infectious viral particles, but
indicates that possibly some could be present. Wang et al. (2005)
also did not observe infectious viruses — SARS-CoV was studied in
that time, when assessing samples of raw sewage from the 309th
Hospital of the Chinese People's Liberation Army. On that occasion,
even after negative results for infectivity, the authors suggest the
sewage system as a possible transmission route, since they have
demonstrated the virus can survive for two days in the sewage at
20 °C and up to 14 days at 4 °C. So, the matter is, in which physical
form were the viruses from samples having no infectivity? Were
they intact, with capsid, or there were only RNA strands and other
viral fragments in the analyzed samples?
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Aiming to prevent the deterioration of the virus, Rimoldi et al.
(2020) carefully carried out the infectivity assays without concentrating
the samples, since it has already been reported on the literature (Ye
et al., 2016) that the addition of chemical compounds or mechanical
stress, that usually occur in the concentration stage, could harm the vi-
ability of virions. Nevertheless, the authors (Rimoldi et al., 2020) did not
quantify the viral load found in any sample and carried out instanta-
neous sampling at 1.00 p.m.. These two aspects are extremely relevant
in virus analysis, especially concerning the infectivity analysis, even be-
cause the authors might have collected the grab samples at a time when
the sewage flow rate and (or) the fecal load were minimal.

The selection of the collection time is essential for the case of grab
sampling because, in this sampling method, it is generally desired to
collect in daily peaks of the sewage flow rate, which, in the case of
most cities, occurs in the morning or evening (Amoah et al., 2020;
Michael-Kordatou et al., 2020). Alternatively, to be more precise, the
choice of time for grab sampling should be based on a study with indi-
cators of human fecal load in the sewage (Corpuz et al., 2020), such as
fecal coliforms (Wang et al., 2020a), antibiotics (Sims and Kasprzyk-
Hordern, 2020), etc., for example, and thus could be correlated with
the peak of SARS-CoV-2 viral shedding. On the other hand, 24-h com-
posite sampling could also be done but, in this case, it would result in av-
erage daily values, making it impossible to discriminate any peak value
recorded in the sampling period (Bishop et al., 2020), in addition to pos-
sibly be able to impair the persistence of the virus infectivity.

Another important factor to consider when performing infectivity
analysis, especially for enveloped viruses, is the pre-treatment of the
samples. Rimoldi et al. (2020) pre-filtered the samples on glass fiber fil-
ters (0.7 um nominal pore size, 47 mm diameter) until filter clogging
and then further filtrated 50 mL on nitrocellulose Millipore filters
(0.22 pm nominal pore size, 47 mm diameter ), focusing on the detection
and isolation of SARS-CoV-2 just on the 0.22 um filtered fraction.

It is of common knowledge that to carry out virus analysis the samples
must be pre-treated, especially those from environmental nature, and
that filtration in a 0.22 um pore-size filter is a routine practice. Conversely,
it is also well known that the practices were established for analysis of
non-enveloped viruses and are being adapted for enveloped viruses
(Carducci et al., 2020; La Rosa et al., 2020b; Lu et al., 2020; Venugopal
et al., 2020; Yang et al., 2020b), as is occurring with SARS-CoV-2. In addi-
tion, studies indicate that filtration through 0.22 um pore-size filters can
reduce the viral load and, thus, impair the infectivity analysis of enveloped
viruses, especially those from the Coronaviridae family.

In the study conducted by Ye et al. (2016) 26% of an enveloped virus
belonging to the Coronaviridae family, murine hepatitis virus (MHV)
(100 nm particle size), were adsorbed by the wastewater solids (me-
dium-strength municipal wastewater having 235 mg/L of total suspended
solids (TSS)) at equilibrium in approximately 15 min. Subsequently, this
fraction of viruses adsorbed to the suspended solids were retained in
the 0.22 um pore-size filter. Then, the filtrate fractions of the samples
were concentrated 100 times by ultrafiltration, and infective viruses in
the concentrates were measured with plaque assays, resulting in a
mean recovery of 25.1% for infectious MHV. In summary, only after the
authors have concentrated the samples 100 times the recovery of 25%
of the infectious viruses was accomplished. In an earlier study, Wang
et al. (2005) investigated a virus concentration method based on the ad-
sorption on electropositive filter media particle columns, elution with
broth at pH 7.2, and precipitation by 10% polyethylene glycol. They ana-
lyzed 100 mL of sewage spiked with SARS-CoV and, after the concentra-
tion stage, a mean recovery efficiency of 1.02% was achieved.

As a result of the studies above referred, some questions were left
open. If no concentration stage was applied, would the recovery from
infectious viruses be at most 0.25%? When did the viruses lose their in-
fectivity, in the pre-filtration stage or in the concentration stage?

Answering these questions was not the objective of the researches
above referred but in fact it brought about these new questions on the fil-
tration steps for the removal of the wastewater suspended solids prior the
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Table 1
Information on the coronaviruses studied: time to reduce viable virions, their survival time, and RNA detection time on different aqueous matrices.
Reference Coronavirus Aqueous Sample Test 1-Log reduction of 2-Log reduction of  3-Log reduction of  Virion RNA
(alphabetical matrix characteristics condition viable virions viable virions (T99) viable virions survival detection
order) (T90) (T99.9) time time
(Bivins et al., SARS-CoV-2 Tap water Not reported High titer 20d 39d - - -
2020) (10° TCIDso/mL)
at 20 °C
Wastewater pH 7.98, COD Low titer 2.1d 43 d - - -
153 mg/L, (10° TCID5o/mL)
ammonia at 20 °C
13.3 mg/L, and TSS High titer 1.6 d, 15 min,and 3.2 d, 30 min, and - - -
190 mg/L (10° TCID50/mL) 2.2 min 4.5 min
at 20, 50, and
70 °C
(Casanova TGEV Reagent-grade pH 6.0, turbidity 45-58 MPN/mL 110dand 11d 220dand 22 d 330dand33d - -
et al,, water 0.1 NTU at4 and 25 °C
2009) Pasteurized pH 7.6, turbidity 24 and 4 d 49and 9 d 73 dand 14 d - -
settled sewage 17.6 NTU
MHV Reagent-grade pH 6.0, turbidity 6.5-6.9 MPN/mL >365dand9d >365dand 17 d >365 d and 26 d - -
water 0.1 NTU at4and 25 °C
Pasteurized pH 7.6, turbidity 35dand3d 70dand 7 d 105dand 14 d - -
settled sewage 17.6 NTU
(Gundy FIPV Tap water Tap water filtered  10° TCIDsp/mLat - 87 dand 6.76 d 130 dand 10.1 d - -
et al, filtered through 0.2-pym 4 and 23 °C
2009) pore size filter
Unfiltered tap  pH 7.8, TSS 10° TCIDsp/mL at - 8.32d 125d - -
water 297 mg/L, TOC 23 °C
0.1 mg/L
Secondary BOD and TSS of - 1.62d 242 d - -
sewage 5.5-22 mg/L
Primary Primary sewage - 1.60 d 240 d - -
sewage filtered through
filtered 0.2-um pore size
filter
Primary BOD and TSS of - 1.71d 256 d - -
sewage 110-220 mg/L
unfiltered
HCoV 229E  Tap water Tap water filtered  10° TCIDso/mL at - 392 dand 6.76 d 588 dand 10.1 d - -
filtered through 0.2-pum 4and 23 °C
pore size filter
Unfiltered tap  pH 7.8, TSS 10° TCIDso/mLat - 8.09d 121d - -
water 297 mg/L, TOC 23 °C
0.1 mg/L
Secondary BOD and TSS of - 1.85d 2.77d - -
sewage 5.5-22 mg/L
Primary primary sewage - 1.57d 235d - -
sewage filtered through
filtered 0.2-um pore size
filter
Primary BOD and TSS of - 236d 354d - -
sewage 110-220 mg/L
unfiltered
(Lee et al., SARS-CoV-2 Tap water pH 7.27, turbidity ~ 10* and - - - 3dand -
2020) 0.03 FTU, residual  10° PFU/mL at 6d
chlorine 1.0 mg/L 23 °C
Fresh water pH 7.38, turbidity  10* and - - - 2d -
4.15 FTU; 10° PFU/mL at
Inje-gun, Korea, 23 °C
Seawater pH 8, turbidity 10* and - - - 1d -
1.45 FTU, salinity ~ 10° PFU/mL at
3.2%, Sokcho, 23 °C
Korea
(Wang et al., SARS-CoV ~ Sewage Residual chlorine ~ 10° TCIDso/mLat - - - >14d 8 d (at
2005) 1.0 mg/L 4 and 20 °C and2d 20°C)
(Yeet al, MHV Pasteurized pH 7.6, TSS 3 x 10° PFU/mL 149 hand 19 h - - - -
2016) sewage 235 mg/L, and at 10 and 25 °C
untreated background 36 hand 13 h - - - -
sewage bacteriophage
concentrations
tested with E. coli
ATCC 15597

800-1000 PFU/mL

Abbreviations: BOD: biological oxygen demand, COD: chemical oxygen demand; FIPV: feline infectious peritonitis virus; HCoV: human coronavirus; MHV: murine hepatitis virus; TGEV:

transmissible gastroenteritis virus; TOC: total organic carbon, TSS: total suspended solids.
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infectivity assays and how make them viable for enveloped viruses in
complex samples. On the other end, other studies isolated infectious
SARS-CoV-2 from feces of a patient with severe COVID-19 by filtering
the samples through 0.45 pm pore-size filters (Xiao et al., 2020).

Considering the cautiousness necessary to preserve the integrity of
enveloped viruses such as SARS-CoV-2 in infectivity analyzes, the choice
of the filter to be used in the sample pre-treatment seems to have an im-
portant role in this type of analysis. Besides, microfiltration is expected
to remove the viral load by up to 2-log;o (Asano et al., 2007). Therefore,
selecting a filter with a pore size of 0.45 pm instead of 0.22 pm seems to
be more appropriate, when the main objective is the analysis of the in-
fectivity of SARS-CoV-2 in water and sewage. However, these two filters
can remove not only the sample suspended solids but also the virus
fraction that is adsorbed to sample solids, as reported by Ye et al.
(2016). The 0.22 pm pore-size filter, being narrower, has a greater ca-
pacity for retaining the virus fraction that is not adsorbed to solids, be-
cause, as previously reported, SARS-CoV-2 has a particle size of
100-200 nm, which is very close to the pore size of the filter, which in
this case is 220 nm. Moreover, it is also important to determine TSS in
the samples, because the higher the solids content, the greater the po-
tential amount of virus adsorbed on the solids and the lower the virus
concentration in the filtrate. Furthermore, suspended solids can adsorb
on the membrane surface, clogging or reducing the pores of the filter
(de Souza et al., 2020), further increasing virus retention and reducing
its concentration in the filtrate. It is possible to carry out an analogy be-
tween the behavior of viral particles and small solutes during filtration
operations with membranes (filters) with a pore size of 0.22 pum.
Using a 0.22 um pore-size membrane as a tertiary treatment of domestic
sewage, Gomez et al. (2007) observed the membrane retained about
60% of bisphenol A, a small solute with molar mass of 229 g/mol and
Stokes radius (Zhao et al., 2015) of approximately 1.1 nm. In addition,
the shear force imposed on a viral particle during a filtration operation
using a 0.22 pm pore-size membrane (filter) is greater than that using
a 0.45 pm pore-size one, which increases the possibility of capsid rup-
ture and, consequently, the possible virus inactivation.

Therefore, to ensure the absence of infectivity in sewage and other
complex aqueous matrices, complementary analyzes showing the phys-
ical structure of the viruses, if they are intact, with capsid, or if there are
only RNA strands and other viral fragments in the analyzed samples, is
of paramount importance for public health, including the definition of
new public policies in the area of sanitation, especially in low-
incoming countries that have low rates of sanitation, and, consequently,
high rates of infections related to waterborne diseases.

How these issues may then be improved? Currently, many world-
renowned research groups have high-resolution image acquisition
equipment available to elucidate this problem, such as electron micro-
scopes. These instruments allow the acquisition of images of the viruses,
enabling to check if their physical structure is intact (with capsid) or
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deteriorated, corroborating on the evaluation of the non-infectivity of
the investigated sample. Otherwise, in some cases, a negative SARS-
CoV-2 infectivity test could be interpreted as a mere false negative.
For instance, Hindson (2020) employed electron microscopy to
demonstrate that SARS-CoV-2 virions were live, i.e. infectious, in stool
samples from two patients testing positive for RNA viral. Santarpia
et al. (2020) conducted a study during the initial isolation of 13 individ-
uals with COVID-19 at the University of Nebraska Medical Center,
collecting air and surface samples to examine the viral shedding from
isolated individuals. By using transmission electron microscopy (TEM)
on samples from the windowsill, the authors confirmed the presence
of intact SARS-CoV-2 virions after three days of cell culture. Other stud-
ies have also effectively used TEM to detect live virions in samples col-
lected from stool (Wang et al., 2020b; Xiao et al., 2020; Zhang et al.,
2020c) and human airway epithelial cells (Zhu et al., 2020). These stud-
ies, therefore, show that, despite being more laborious and expensive,
by using TEM it is possible to visualize the virions and thus guarantee
whether they are infectious or not. In fact, it is well known that cell cul-
ture is the gold standard for testing viral viability, but due to the capsid
weakness of enveloped viruses, electron microscopy could or even
should be used as a complementary analysis to cell culture in the ana-
lyzes of infectivity of enveloped viruses such as coronaviruses. The asso-
ciation of these techniques would allow confirming whether the viruses
used in cell culture have their structure intact or if there are only viral
fragments. Fig. 4 shows Coronaviruses images acquired with TEM.

6. Concluding remarks and recommendations

The available literature on the pathways for spread and infectivity of
SARS-CoV-2 in environmental aqueous matrices (natural water and
sewage) investigated to date were reviewed, indicating a wide availabil-
ity of documentation on dissemination but just two papers addressing
the infectivity of SARS-CoV-2 on sewage and (or) natural water sam-
ples. Despite the lack of data on the survival and infectivity of SARS-
CoV-2 in water and sewage and the unconfirmed contagion via these
aqueous matrices, the infectivity of these viruses must be thoroughly in-
vestigated to assess potential health risks, mainly regarding the possible
transmission via fecal-oral and virus-laden aerosol borne-routes. This
information would be extremely important, especially for communities
with poor sanitation, where people are likely to be exposed to contam-
inated water or even raw sewage.

In fact, the humanity is building the knowledge about the infectivity
of SARS-CoV-2, what is very important to combat, control, and mitigate
the COVID-19 pandemic effects, for both purposes: to save lives and the
global economy. Otherwise, the pandemic could last for a long time,
causing much greater impacts than it has already caused. In the mean-
time, we must fight the ongoing pandemic by acting quickly but cau-
tiously, assessing all possible routes of transmission. In the particular

C

Fig. 4. Visualization of Coronaviruses with transmission electron microscopy: A) MERS-CoV, B) SARS-CoV-2, and C) Human Coronavirus 229E.

Photos A and B credit to Dr. Cynthia Goldsmith and Dr. Azaibi Tamin, and Photo C credit to Dr. Fred Murphy. These images comes from the Centers for Disease Control
and Prevention's (CDC) Public Health Image Library (PHIL), identification numbers 15908 (https://phil.cdc.gov/Details.aspx?pid=15908), 23640 (https://phil.cdc.
gov/Details.aspx?pid=23640), and 15523 (https://phil.cdc.gov/Details.aspx?pid=15523), respectively.
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case of infectivity of SARS-CoV-2 in sewage and water, we believe that
subsequent studies should address the following points:

* Assess the behavior of different filters in the pre-filtration stage of the
sample, monitoring the pressure applied to determine the shear rate.
Hence, choosing the filter that allows the passage of the largest frac-
tion of live enveloped viruses, but that is also capable of removing
the suspended solids from the sample.

Investigate filtration in a different mode of operation, membrane tan-
gential filtration like micro/ultrafiltration. The control of the operating
parameters of tangential flow rate and transmembrane pressure
would allow virus adsorption minimization, as well as keeping the
virus intact.

Investigate the possibility of using submerged membranes at low
pressures in the pre-filtration (microfiltration) and concentration (ul-
trafiltration) steps.

Investigate the influence of different angular velocities during centri-
fugation and centrifugal filtration when used as pre-treatment or con-
centration steps, in the inactivation of enveloped viruses, and thus
determine the shear force required for capsid rupture.

Determine the proportion of active (infectious) viruses in each
sample-processing step, confirming the analysis by cell culture tests.
Develop alternative techniques that allow confirming the physical in-
tegrity (viability) of enveloped viruses.

Finally, develop and standardize pre-treatment and concentration
methodologies specifically for analyzing enveloped viruses in com-
plex aqueous matrices such as sewage and natural water. Importantly,
the recovery efficiency should be confirmed by cell culture tests and
not just via PCR analyzes.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145721.
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